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N THE DISCOVERY OF THE TOP QUARK

Lina Galtieri (LBNL)

® Historical review of particle discoveries.

e Cosmic Rays gave the first information about
particles beyond the electron and the proton.

e 1955:the first accelerators were developed by
Lawrence, here at Berkeley(pbar discovered)

e 1960:the Hydrogen Bubble Chamber developed
by L. Alvarez at LBL, allowed finding many
particles.

e 1964: Gell-Mann and Zweig developed the quark
model SU(3) Symmetry) to explain the existence
of these particles.

e 1967-70 Glashow, Weinberg and Salam proposed The building blocks of matter
the Standard Model today.

e 1973 Neutral Currents were found. u, d, s and t are the ones LBL

contributed the most.

e 1974: The J/psi, bound state of c-c quarks is found

e 1975: the tau lepton was observed, confirmed in 1977

e 1977 the bottom quark is found

e 1995 : the top quark is found
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- «  THE PARTICLE EXPLOSION (1964)

'.

Before 1960 most particles were discovered with cloud chambers or nuclear
emulsions. By 1959 a new detector (Alvarez’ hydrogen bubble chamber) was
built at LBL. The first particle discovered was the =

After the =0 18 more

Particles discovered 1898 - 1964: varticles were discovered

1890 1900 1910 1920 or co-discovered in the
I L. 1 b 1 1| |f| I L 1 1 11111 I | S O T O | + I Alvarez’ hydrogen bUbble
i chambers
e P
1920 1930 1940 1950

The =0 is a “stable”
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| 11 | | |
A A p A Al (lifetime ~10-10sec)
n et wt =3 particle, while the other
""’l"‘“l o l“’l*"”] y 18 are resonances i.e.
AAL M AL T AL A they decay in a very
005" P z@ P Vv, & -.andmany short time
K'A = n i'i ';' ;}z“ more!
L
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e The neutron

'.

The neutron decay into a proton was the beginning of particle
physics. It is called a fermion because Enrico Fermi was the first to
observe this decay.
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e The Bevatron and the antiproton

'.

Lawrence invented the accelerators. The Bevatron accelerated protons
up to 6.2 GeV 1nto a copper target. One of the experiments proposed
there, was a p-p collision study by the Segré group. They found the
antiproton in 1955, for which they were awarded the 1959 Novel Prize
in physics (E. Segré, O. Chamberlain and T. Ypsilantis).

A stack of nuclear emulsions was also exposed to the negative particle
beam generated by the collision of the proton beam into a target. The
antiprotons were distingueshed from the produced pions using the time
of flight (40 ns) for pions, vs 51 ns for pbar.

First Antiproton Event in Emulsions
Visible Energy = 826 MeV
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ﬁ\A new particle Detector: Bubble Chamber

BERKELEY LaR

| came to LBL from the University of Rome in 1961, first working in a group that
used nuclear emulsions as detector, but in 1962 | moved in the Alvarez group. The
bubble chamber was the new detector installed in the newest accelerator : the

Bevatron ( 6.2 GeV).
Both the A and A were already known. Here we see a

picture of one event in the HBC: an antiproton colliding
with a proton and producing a A and an A

pp— AA

19 new particles were discovered in the bubble chamber.
Both protons and antiprotons beams were used. Also
beams of K mesons were used for searches of new
particles containing a strange quark (like the K meson).

These particles were called strange because they decay
In a very short time

Antiproton beam in the
72" Bubble Chamber
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,\]\‘ Hydrogen Bubble Chamber Discoveries

BERKELEY LaR I.

Resonances: 8 by the LRL (now LBL) group, 10 co-
discovered by LBL or by groups who used the LBL

film
Y*(1385) baryon LRL 1960
- | | | ¥(1385) and Y*0(1405) K*(890) meson LRL 1960
] : Y*(1405) baryon LRL 1960
B LRL | | p meson BNL+ LRL 1961
16 -— ® meson LRL 1961
1 K*(890) n meson JH/NW +LRL 1961

Y*(1520) baryon LRL 1962
¢(1019) meson BNL/SY/UCLA
Y*(1660) baryon LRL 1962
X*(1530) baryon UCLA/BNL/SY
=7 Y*(1765) baryon LRL 1963
A1 meson GT +LRL 1964
A2 meson GT +LRL 1964
| n'meson BNL/SY+LRL 1964
. D(1285) meson LRL 1965
X*(1815) baryon EUC+LRL '65
el e Y*(2100) baryon BNL+LRL '66

gDl MR 1 s Y*(2030) baryon BNL+LRL ‘66

Number of events

600 700 8BGO 500
Mass of K T system ( Mev)

Alston et al.
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e =0 DISCOVERY

'.

March 1959 15” Bubble Chamber 6 Scientists ‘ Trap’ New Particle

. Of Atom After 70,000 Photos

I By HOBERT K. PLINR

American  sclentists have new evidence, welghs abon
reached 2 major landmark in 2,570 times as much as an elec—

NIShlJlma and the exploration of inner space. ltron, end it hae a lifetime o—
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i
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tollietaintzﬂ 1::. g;l;;ﬂy ~ploture  of: tjust before Christmas hexs Jeec
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:40 eX|Stence Hi zero, Ials as a gemine Xi zeto ghos—
| The Xi pu.rticle has zero clet. |traék, The finding will be pub
II;‘nr:al charge., Bo it left no |115héd in Physical Review Let
tracke t¢ be photogrophed in| | fers; a publication of the Ameri-
experiments” in  which ‘known| |can Fhysical Sotiety.
atomic particles were traced as Mathematieal ¢aleulzfions twa
‘they, plunged througk a tank of| years ago by Dr. K. Nishijimas
Higuid hydrogen. .a. Japapese physielst, and Dr
. But dhe presence of one Xi| Murray Geli-Mann of the Cali
zere purticle has heen deduced| fornia Tustitute of Technologym
from ghastiy effects in a photo-]  predicted that the Xi zerm
graph that shows the motions| should exist The new photom
of known particlés.fo be peew-| graph proves it, the Universitw
liarly skewed by “something.’; :of Culifornia team reporied,

‘The aomething in the ‘photo-| - An i zero is one of thirtm
K- => KO —0 15taph 13 the Xi zevo particle. | o
p bd ' An Ki zero, according to the! | Continued onPage 28, Column =

Ehe New Hork Tines

Fublished: March 5, 1959
Copyight © The Maw Yors Times
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) RESONANCES

|
BERKELEY LAB RS

The A and the =° seen earlier have a lifetime of = 10" sec.
They decay into other particles, and we can see a gap in the film.

A new class of particles, the resonances, decay in a very short time
(102 seconds), no gap is seen.
The resonances are found by a peak in the T of a particle in the event.

Here is the first resonance seen in HBC

1 . ” - - + =
by “Bump Hunting”. Kip->An*m
Discovery by ‘;062 ] P B I-ll S 5 L ) lﬁ
Alston, Alvarez, Eberhard, Good, Graziano, Ticho,Wojcicki k-

280
240} |
20015

3
3 160

Only one resonance A++(1232) -> proton+pi+ -l /-
was known before the HBC were constructed. b

This was discovered by the Fermi group at
Chicago (1952).

PO Y ) O TR Y [

frosend ol sl coal
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1968 Nobel Price

Luis Alvarez won the Nobel Prize in Physics
In 1968

" ... for his contribution to particle physics
...with the development of the hydrogen
bubble chamber and data analysis “

The small bubble chambers used for the
discoveries. The 72" is partially shown
here.

Luis invited his closest collaborators to go to
Stockholm with him to participate to all activities
Lina Galtieri and Luis associated with the Nobel Prize. We were among
Alvarez in 1977 the eight couples that went with him and his family
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' The Birth of the Quark Model

Which particles were known in 19507?

Proton, neutrons, electrons, that comprised the atom
Leptons(light particles): electrons, muons, neutrinos
Hadrons(heavy particles):proton, neutrons

What about all these new particles? Can we find a way to classify them with a
few building blocks?

Gell-Mann chose the whimsical name of “quarks” for these constituents. This
word appears in the phrase “three quarks for Muster Mark™ in James Joyce’s
novel Finnegan’s Wake. It was also called ‘The eightfold way’, a saying of the
Budda about the eight ways to reach Nirvana.’

The same scheme was suggested by Yuval Ne’'eman.

The quarks required a charge +2/3 and -1/3 of the charge

of the proton. No fractionally charged objects had been
observed, so this was a revolutionary suggestion. At first
the quarks were regarded as a mathematical fiction, but
experiment have convinced physicists that quarks do
exist. Zweig came up with the same model. The 1969
Nobel Prize was awarded to Gell-Mann and Zweig

Murray Gell-Mann
The discovery of the top Quark: Lina Galtieri, Feb 5-2020
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THE JP=1-MESON NONET

x|
Symbol| Name | Quark | Electric | Mass |[Spin
content| charge | GeV/c?
m pion ud +1 | 0140 | 0
K™ kaon su -1 0.494
ot rho ud 1 | 0776

Mesons are made with two quarks.

This entire nonet was discovered (K*,
or co-discovered (

P, ¢)

In Luie's bubble chambers.

®)

A
S

() -

+ and p+ have
the same quark

- ontent, but
0 /ccjifferent spins
|

Mesom con JF¢=]-
Masse in MeV

T (892)

\_ /"

RY: L1/ +

._
L
=
.
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Baryons are made of three quarks.

SU(3) algebra expects:

3R3X3=106080860 1

Symbol| Name | Quark | Electric | Mass |Spin
content| charge | GeV/c?

p proton uud 1 | 0.938 [ 1/2

P :antiprotonc und [ -1 0.938 | 1/2

n [fneuron | wdd | 0 | 0940 | 122

A | lambda | uds | o | 1116 |12

o | omega | sss -1 1.672 | 3/2

proton

BARYON MULTIPLETS

JP=1/2* Baryon nonet

S

A

+0 =+

i

1 (939.6) p(9w

Barioni con JF=1/2~

Masse in MeV

The discovery of the top Quark: Lina Galtieri, Feb 5-2020

—~V

12



A

Ty
A
FErrans” |||‘

Baryons and Mesons
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The omega was

discovered in 1964.

Its mass is
M= 1672 MeV

Too heavy to be
seen at LBL.

SU(3) complete!
uds
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oo Standard Model

1967-1970: Glashow, Weinberg -
and Salam hypothesized the )
Standard Model, unifying all that

we knew at the time: \‘_,4 v v
QED (e.m.), Charm

Weak interactions (W,2)
Strong interactions (Gluon) *dg @ gb;

Down Strange Bottom
(0.005) (0.1) (4.2)

They received the 1979 Nobel

Prize
LEPTONS
Electron Mvuon Tau
(0.000511) (0.106) (1.777)
Electron Muon Tau
neutrino neutrino neutrino
(about 0) (about 0) (under 0.024)

Glashow, xxxx, Rosenfeld

THE STANDARD MODEL also includes a set of particles that
carry forces around the universe. These particles — collectively
know as bosons — include gluons, photons, W and Z particles,
and gravifons.

©

Gluon

(0)

‘y

Photon
()

o

W+ W~ Z°

(80.39) (80.39) (91.188)

Graviton

The discovery of the top Quark: Lina Galtieri, Feb 5-2020

14



)

1 Discovery of W and Z (the force carrier)

At CERN Rubbia found the W and Z in 1973.

Carlo Rubbia was working at FNAL on the p-pbar
collider, but the energy was not sufficient to discover
the W and the Z.

He went to CERN and got the funds for a collider
there, thus found both the W and Z!

Rubbia received theNobel Prize in 1984

Bumps on the particle-physics
road

L) L] | T T
LoF 7 T T T T T T T T T 108
UA1 W —» ev :|| ]
290 EVENTS UA1 0t \
Background from . N 0 " — hadhans
M Q.CD processes ﬁ 20 92 EVENTS P
30 = ;
~ a hLi} e
= el | - :
S s QCD - background Boeldm | J
- (a4 L —
L FAS N § _ W g -
g a RE. ' ‘ _
E E: -1 ] illl nl':l Z'Iz'li - NED }l.1l'.l
3'_. 5 e o maes e nergy (e
= @ .
The Z boson is the most precisely
L o1 1 el isars measured resonance in particle

30 50 70 20 10 physics, with the LEP collider in
3V . ) N INVARIANT MASS M (e'e”) (GeV/c 2] particular confirming its mass and
o 20 40 &0 BO W0 120 width.
My (GeV/ch) Image credit: arXiv:hep-ex/o509008.
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-' Discovery of the charm quark

So far we have dealt with 3 quarks, (SU(3)), but eventually the
number of quarks will go up to 6, including the top quark

—_—

o
s | ff\k 5 Charm discovered at SLAC on
s F E o 1 November 11-1974
: a' \J\*&__Jj and at BNL by Sam Ting. The 3 peaks
ofple v . . . . . . areduetoa c-cbar bound states
sk [T leos 81« 0.6 - ;I;
y j\}\ *  Bert Richter and Sam Ting were
ey ‘L—'w; ) O awarded the Nobel Prize for the charm
£ ~ 1 quark discovery in 1976
; z L B leos 81 1 O 4 :
E 'P--— *‘f’ﬁhrﬁ—f - —?

| B [ i [ i 1
ROS0 IO JI00 2110 3120 3150
EMERGTY E o [GeW])
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_ More charm

The SLAC e+ e- machine collided

Ifill il | | the beams at higher energy and
5 M " :—!l l%%’h _u"g% new peaks showed up: the first
- H *4}%} L *|l’ Al sharp one, is due to open charm,
I B Ql' ] I.e, the production of a pair of
B charmed mesons: DO and DObar.
\

The discovery of the top Quark: Lina Galtieri, Feb 5-2020 17
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_, Meson and Baryons from udsc quarks

Mesons with d u s ¢ quarks Baryons with d u s ¢ quarks

(b) 0 L2
[£]

More multiplets containing the b quark have been discovered

The discovery of the top Quark: Lina Galtieri, Feb 5-2020

18



)

) A
L
reeceed| )

The tau lepton was observed at SLAC in 1975, in the Mark | detector
the same detector where the charm quark was discovered.

The tau lepton: the LeadGlass Wall

For the tau lepton was necessary to identify events with e or mu. Better electron
identification was needed. A lead glass detector served the purpose.The tau lepton
was confirmed in 1977

Martin Perl got the 1995 Nobel Prize for the discovery of the tau lepton

(Barbaro-Galtieri et al. 1977b). The abstract read:

The discovery of the top Quark: Lina Galtieri, Feb 5-2020 19



)

= Discovery of the b quark (1977)

'.

The bottom quark was found a Fermilab.

Lederman’s group found many bound states of b
and b-bar like the charmonium states

The 1988 Nobel Prize was awarded to
*  Lederman

25 |

gaof N

2 it

R

Db

T 1ef + ’. &

T S R VR AL R

= Sr - £ ¥y [

b ¢ by b ) m-hnn-""'”“_"*-—i-.m_l ]
D: T.(IS). TI(ES) .T(SS). | T@S) |
044 946 10001002 1034 1037 1054 1058 10.62

Mass (GeV/c)
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e Discovery of the gluon

BERKELEY LaR I.

At this point most of the standard model elements had been seen.
The gluon and the top are missing.

Discovery of the Gluon @@

In 1975, SPEAR at SLAC was first to observe a two-jet

structure in et e~ —q q . Since the gluon, similar to the

quark, is expected to hadronize into a jet, this process
leads to three-jet events.

e* g
Y g

e q
ete— — qqQg Three-Jet Events

Qan |l an Wi Qtandard Madal at BN _ Nicrnvarns ~f tha Chaan -lina 2 201R 15

The gluon was discovered in 1979 at DESY by the TASSO
Collaboration. They used the PETRA collider operating at 27.4 GeV.

The discovery of the top Quark: Lina Galtieri, Feb 5-2020
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BERKELEY LaR

The Standard Model

Q
L) A
e Quarks 7

5 () @)

e Gauge Bosons
Mediators of the fundamental forces

e Leptons

Q M Spin
e.m. 0 0 1 QED
weak W* £1 80GeV 1 Weak
zZ 0 90 GeV 1
strong g g @ 1 QCD

Masses very different — broken symmetry
— Higgs Mechanism

2§ Missing quark (the top)

TOP SEARCHES

1. ete~ colliders

e Tristan (1988) M, > 28 GeV
e SLAC, LEP (1990) M, > 44.8 GeV

2. Hadron Colliders (this talk)

1983-1985

* CERN pp collider (/3 = 546, 630 GeV)

— 0.7 pb~! - collected by UA1 — Miop >41 GeV

1988-1989
* CERN pp collider (/3 = 630 GeV)

— 4.7 pb™! - collected by UA1 — M,,, > 61 GeV

?-5 — 64 pb~!- collected by UA2 — Miop > 69 GeV
* FNAL pp collider (/3 = 1800 GeV)

~ 4.4 pb~! - collected by CDF — M, > 89 GeV
@ 95% CL

The discovery of the top Quark: Lina Galtieri, Feb 5-2020

22



A

Ty
A
Frereee |||‘

Where is the top ?

LG talk at DESY (October 1-1990)

I. INTRODUCTION

e Top Production (in lowest order)

& > A ' ©

; W “& I ,Q +

7 b

electroweak hard scattering
my < mwy +my dominant at Tevatron
dominant at CERN energies even for M; ~ 60 GeV

o Will discuss
a. Rates
b. Topology
c. Physics Background

A. Rates

o W cross section relevant for M; < 70 GeV

— Calculated by Altarelli et al. in higher order QCD
— Measured at both CERN and FNAL

¢ Hard scattering
iy iRl iy
% t AT 7

Higher order calculations done by Nason, Dawson and K. Ellis [NP. B303,
607 (88)] - K factor for top < 1.5.

- A
e 10 noss - atehious caleulatioms by Altoaetl s ol (ne g105 Atr)

wsimey @ Nasom | Paweom Elis o5 cedeuktion
Disunor, Fovrows, loug Hankuatly  highin ddd STty Juunclions

oktwiu' alten camation of As, Qixele)
de ~+30 %o

LA (LI B R I N B B B \1"“’-* l'|""'|\\<.|E|'|hsl
Top quark production in pp collisions
DFLM 4 = m/2, A; = 250 MeV (upper curves)
DFLM 4 = 2 m, Ag = 90 MeV (lower curves)
-------- a(W' -> Lb), \/S=18 TeV
e @ (W' => 1), /S=0.63 TeV

# ISAMT &.|

o(pp ——> ti) [pb)

/S =1.B TeV

50 100 150 200
My, [GeV]

e Mote Mat Hus wses owly 4 st of shuduae
Susbions . Vnandointy  com bt Lanaen

« NMote Wat ot (8 Tev
haud Process dowanates oven e electaouseat
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Top Decays

LG talk at DESY (October 1-1990)

¢.
B. Topology
o Standard charged current decay
/ b
¥ o < Lt q
v o'
o Before decaying top quark fragments into a top meson or baryon
which carries most of the top quark Pr.
Y Retison .fwzarm‘tai‘m
b o Lovw, - .
e~ 7= % F(2) poks at \Mta\n
/ quark e "N
/ e in Wohia wasac
(4 IE 4 _
epp— W —t+b 'F\n-)tt =
Loagb \ Lo g &
Lv b Lv b
Hadrons — bb + 2jets 66% bb + 4 jets 44 %

bb+2 jets + fv 3(W) %,
bb+ 6y vy 3 2.5) 9&)
bb + v + fv

1 lepton

bb + tv (e,
2 leptons ( )6

3(128) v,

e QCD background too large for all jets final states. Need at least
one lepton as signature. '

— lepton tends to be isolated because of large M,

Apologies to my DO colleagues.
At LBL there were two different groups
working at FNAL in the top search.

| can only talk about the search in the
CDF collaboration. The results from the
DO collaboration will be shown at the end.

The discovery of the top Quark: Lina Galtieri, Feb 5-2020
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_. Search for the top Quark

A lot of efforts went into improving the detectors and the trigger
system at CDF and DO (LBL was partecipating to both
experiments).

A silicon vertex detector (SVX) was designed and built (Pisa and
LBL) and installed in the CDF detector. This improved track
reconstruction and allowed to reconstruct the top decay position.

The discovery of the top Quark: Lina Galtieri, Feb 5-2020 25
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coonend] Top discovery by CDF

'.

This event was found in the CDF detector on September
1992.

The reconstructions of the tracks shows the two bottom
jets at a distance from the collision point

It took about 3 years before the announcement of the
discovery was made. One event was not enough for the
world to accept the discovery.

fit neutrino jet #3 jet #1

T

tt Event
SVX Display

CDF

p Y| ___1'
- \\__/'f
/ f=t #4
.
ot v
-+—— 3 meters ———»
Tracking View

The discovery of the top Quark: Lina Galtieri, Feb 5-2020
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-log(likelihood)
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150 160 170 180 190

Top Mass (GeVich)

Events/10 GeV/c™

. | 1 1 1 I Ll Il
100 150 200 250 300

Top Mass (GeV/c?)

0

Top mass distribution with 7
tagged events in run1.

M(top) = 174 +10 + 12 GeV

The CDF discovery results

SUMMARY and CONCLUSIONS

e We observe:
DIL : 6 events  backg.= 1.340.3 P=Bxc1
SLT : 23 tags  backg.= 15.4420 P=6x10"2
SVX : 27 tags  backg= 6.7421 P=2x10"°

total of 43 top events candidates

e Combined significance: 1 X 107%(4.8 o)

e We observe a sharp peak and measure:
Mo, = 176 £ 8 £+ 10 GeV/c?

e A simple KS test gives a probability of 2% that the mass
distribution agrees with a background hypothesis

e Combined significance:

P=4 x 1077(5.0 o)

TOP IS DISCOVERED

The discovery of the top Quark: Lina Galtieri, Feb 5-2020
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The top mass

TOP SEARCH: MASS LIMITS AND
PREDICTIONS-vs-TIME

S

dard Model predictions! ' A J

Recent Results:

Top is finally found after many years of searches and Stan- -' Forces

Miop = 176 + 13 GeV/c? CDF 1995
Miop = 199 + 30 GeV/ 2 DO 1995
200~ - e |
T T I T T I T R s e I T i
s 1 COF 94 'i 5 ‘ ' ‘
| [$]
seob it LR T T _; = 81.2 " CDF Measurements b
| 3 My = 80.41 + 0.18 GeV/c?
_ [ T8I M= 176 £ 13 GeV/c? 7]
Mg Limits,/Predictions ol ; »
120 \ ' 808
LEP+SLAC+1+My M S0:6 _ A0 50 ® \00‘0 cﬂj
@ Prediction | W L CDF | %6&(36 ]
80 [ 80.4 - i e =
o | L i Q{\QQ"D J‘
o 80.2 - -
40 ¢ % . pp 80 - ;
Oﬂﬂn Limils H i
— 79.8 |-
Init. Guess | L 1 | 1 —
0 . 11 140 160 180 200 220 240
2
1970 74 7§ B2 86 90 94 98 2002 (Gev/c?)
(Year) M
top

Top mass results from 1970 The error on the expected Higgs

m,ass IS very large!
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The end of the story

The b quark was discovered in 1977. It took 18 years to find
the top quark. The search was pursued all around the world,
from Tristan to SLAC to CERN to Fermilab! Finally the top

quark was found in 1995!
24 years later (on July 2019) the European Physical Society

awarded to the CDF and DO collaborations a prize
for the discovery.
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Some of the present and old mémbers of the'C Fand DO collaborations
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